A wide variety of alternative optimization objective functions have been reported in the literature such as minimizing stops, minimizing delay, and maximizing arrivals on green. There is extensive literature evaluating these alternative objective functions using models. This paper reports on the field deployment of these alternative optimization functions, developed using high resolution controller data, to adjust offsets on an arterial system of eight coordinated signals.
INTRODUCTION
With over 350,000 traffic signals in operation in the US, signal timing has a considerable impact on the performance of the roads and streets that they control, directly influencing their ability to provide mobility to users, and their environmental impact (1) . It is important for agencies to assess and improve signal timing plans, but often difficult to allocate necessary resources. It is therefore highly desirable to measure the effects of signal timing to communicate the necessity of the activity and to support and promote investment in signal operations.
Signal offsets are typically designed by software packages that optimize offsets according to one of several mathematical objectives. One strategy is to maximize bandwidth (2, 3, 4, 5, 6, 7, 8) .
Another major strategy is minimize disutility, such as delay (9, 10, 11) . TRANSYT is a well known disutility-minimizing optimization procedure based on a macroscopic traffic model (11, 12) . Similar concepts have also been used in adaptive systems such as SCOOT (13, 14) and OPAC (15, 16, 17, 18) . A related objective that has been used in adaptive systems is to maximize arrivals on green (19, 20, 21) . This is a simple calculation requiring fewer assumptions than delay models, making it ideal for real-time calculation. Although proposed for adaptive systems, green arrival maximization could also be used in offline offset optimization. This paper investigates whether green arrival maximization and disutility minimization yield comparable results in the field.
In a previous study, Jovanis and May (22) compared alternative objectives within TRANSYT-6C that effectively considered optimizing for vehicles against optimizing for the number of passengers. They concluded that minimizing passenger delay and minimizing fuel consumption were the most effective objective functions. The alternative objectives were evaluated within the macroscopic TRANSYT-6C model. A subsequent study by Leonard and Rodegerdts (23) tested 10 alternative objectives obtained from TRANSYT-7F and PASSER II-90 by modeling in TRANSYT-7F. Among other findings, it was observed that the system-wide average speeds did not vary by objective. Explicitly optimizing for minimum delay yielded the lowest delay, but Recently, it was demonstrated that green arrival maximization could be used to improve offsets in an off-line procedure (24), and that the optimization procedure results can be similar to delay minimization (25, 26) . This paper follows up to those studies, expanding the comparison to four objectives, including two that minimize disutility, and two that maximize green arrivals. The post-implementation outcomes are presented in terms of arterial travel times measured on an eight-intersection arterial.
METHODOLOGY Objective Functions
The chief tool used to optimize offsets in this study is the cyclic flow profile. A profile is designated for each coordinated signal approach for a given analysis period, and represents arrival conditions for an -average cycle‖ over an analysis period. Figure 1 (a) shows an example flow profile, with a superimposed probability of green under actuated-coordinated operations.
In this example, each bin represents two seconds. This profile view is equivalent to those provided by TRANSYT (with the exception of the probabilistic green) and ACS-Lite. In this study, both the probability of green and the arrival profile were determined from observed signal event data. For example, the probability of green for any bin is equal to the percentage of observed cycles for which an effective green state was active at that time in the cycle. Similarly, the number of vehicles arriving for any bin is simply the sum over all observed cycles of the number of vehicles detected at that time in the cycle. vehicles that arrive during red are assumed to join the queue, which grows until the beginning of green. After the beginning of green (and accounting for start-up lost time), vehicle departures reduce the queue size until it disperses. The number of queued vehicles for a given bin is equal to
where q i is the queue length of the i th bin, N i is the number of vehicle arrivals associated with the bin, and c i is the capacity or maximum number of departures in the bin, obtained from the probability of green G i , number of cycles Q, and saturation flow rate s from
The total delay incurred by the vehicles is equal to the summation of the queue size, which gives the area between the arrival and departure profiles:
Here, w is the bin width in seconds. The number of stops can be found by making a few additional assumptions based on the queue profile and probability of green. We assume that vehicles that arrive during a particular time in cycle will stop if a queue exists, or if the signal is red. Specifically, the number of stops per bin is calculated by:
Paper No. Here, (1 -G i ) represents the probability of the signal being red. A composite performance index combining both delay and stops can be specified as follows.
  
Here, k is a weighting factor that converts stops into an equivalent number of seconds of delay.
This is similar to the PI used by early versions of TRANSYT (11) . For this study, a value of k = 20 was used, which put the value of the total stops on the same order of magnitude as the total delay.
The flow profile in Figure 1 (a) can also be used to calculate the number of arrivals on green (N g ):
This is the portion of the vehicle profile captured by the green band. The calculation is equivalent to taking the vector dot product of G i and N i .
The number of arrivals on green is a simple calculation, but it does not intrinsically consider vehicle queuing. It seems likely that offsets designed to maximize N g may give insufficient time to clear standing queues before coordinated platoons arrive. To mitigate this limitation, we
propose an alternative objective, in which a portion of time at the beginning of the green band is considered to be part of -red‖ during optimization. Ideally, this would ensure that a certain portion of green is provided to clear queues before the heaviest portion of the platoon arrives.
The objective is illustrated by Figure 1(c) . Here, the first ten seconds (five bins) of the green band are considered to be -red‖ by the optimization process (i.e., they are excluded from  Objective IV. Maximize arrivals on green with queue clearance time (Figure 1(c) ).
Example for One Coordinated Approach
To optimize offsets, we must identify a model for predicting performance under different offsets.
In this study, we use observed data to establish a baseline, and model performance under various offset adjustments by appropriately shifting the arrival profiles. Figure 2 . The value of the objective functions for a given offset corresponds to a superposition of the vehicle arrival and probability of green profiles. All four optimal offsets fell within a 14 second range.
The optimal region is largely coincident between the four objectives; the remainder of this paper investigates whether the cumulative effects of optimizing several intersections together leads to any substantial difference in arterial performance for different objectives. Page 9 of 32 10:39:54 AM To understand the reason for differences between the outcomes in the example case, the optimal flow profiles are displayed in Figure 4 .
 In Figure 3 (a), a region from approximately +40 to +60 is clearly the optimal offset region, but the minimum delay occurs at +56. The flow profile in Figure 4 (a) shows that this has placed the platoon slightly before the start of green. Vehicles that arrive shortly after the end of green accumulate much more delay than those arriving a few seconds prior to the start of green, because they have to wait through the entire red interval.
Consequently, minimizing for delay alone tends to schedule platoons to arrive early rather than be cut off.
 Minimizing delay and stops and maximizing N g both resulted in the same optimal offset adjustment of +44. In Figure 4 (b), it is clear that this is the region where the largest portion of the vehicle arrivals are coincident with the green indication. It would seem that adding stops to delay counters the tendency of delay minimization to make vehicles arrive slightly prior to the start of green.
 In Objective IV, the alternative max N g , the first ten seconds of green are excluded from the optimization process. This results in a more narrow optimal region, as shown in Optimizing network offsets is a complex task because of interactions between offsets on a system. A variant of the Combination Method algorithm (10) was used to search for optimal offsets. This algorithm was selected because it systematically provided consistent, optimal offsets in less time than other algorithms. The procedure is summarized as follows. Starting from one end of the arterial, the offset at each successive intersection is adjusted until the optimal value of the performance measure is obtained for the two links controlled by the offset. When moving to the next intersection, the previously optimized link flows are held constant by adjusting all preceding offsets by the same value as the current offset adjustment. The procedure continues until the entire arterial has been optimized. For further detail, we refer the reader to more extensive documentation available elsewhere (25, 26, 28) .
STUDY CORRIDOR
The test arterial used in this study is SR 37 in Noblesville, Indiana (25,26,27). A map of the system is provided in Figure 5 . For this paper, we focus on outcomes for the Saturday time-of-day (TOD) plan, which runs from 0600-2200. The Saturday timing plan was selected because it was the focus of prior offset study in 2009 (24) for System 1, and because the offsets in System 2 were known to be suboptimal.
On Saturdays, SR 37 carries approximately 30,000 vehicles per day in both directions. Demand is moderate and roughly steady between 9:00 and 18:00. For this reason, one timing plan is used for the entire day.
To optimize this 16-hour TOD plan, sixteen one-hour flow profiles per approach were constructed. The objective functions calculated independently for the sixteen one-hour flow profiles were then summed to obtain the value for the approach for the entire time of day. In a previous study, optimization outcomes from a smaller sub-portion of the day were found to be very similar to those for the entire sixteen-hour period (26). Baseline data from Saturday, May 29, 2010 was used for optimization. The resulting offsets for the four alternative optimization objectives were subsequently deployed in the field throughout June and July 2010. 
RESULTS

Arterial Signal Progression
Flow profiles for the baseline offsets and optimal offsets from Objective III (maximize arrivals on green) are shown in Figure 6 to illustrate signal operations before and after implementation of optimal offsets procedure. There is not enough space to show the observed post-implementation flow profiles for the other three objectives, but they were similar to the outcomes of Objective III, with differences along the same lines as those presented for one approach in Figure 4 .
Most of the improvement in the system was achieved in System 2 (Ints. 5, 6, 7, 8) . This is not unexpected, because the offsets in System 1 (Ints. 1,2,3,4) had been optimized about one year prior to this study (24). The baseline observed flow profiles confirmed our anecdotal knowledge of sub-optimal offsets in System 2. Specifically, the northbound movement at Int. 5 and the southbound movement at Int. 6 both have platoons arriving almost completely outside of the green bands. This was corrected by the optimization procedure. More modest changes were suggested for other intersections, leading to smaller shifts in platoon arrivals. The effects of these adjustments on arterial performance are described in the next section.
Changes in Arterial Travel Time and Travel Time Reliability
To analyze the travel time results, three-hour intervals beginning at 0600, 0900, 1200, 1500, and 1800 were used to group samples. Three hours was a long enough time period to obtain a large number of samples, but short enough to observe any potential differences in travel time characteristics between different times of day. Table 1 for several time periods, including 1500-1800.
 CFDs of travel times along the entire arterial are shown for Southbound vehicles in  CFDs for travel times through System 2 are shown in Figure 7 (e) Figure 7 (f) respectively for southbound and northbound vehicles. This portion of the system had not been retimed in several years, and was known to have suboptimal offsets at two intersections.
Consequently, a substantial improvement in travel times was achieved by all four objectives.
It is clear that optimizing offsets reduces overall arterial travel time. We hypothesize that optimizing offsets should have a beneficial impact on the reliability of travel time. In Table 1 System 1, on the other hand, has some curvature and less regular spacing.
Flexibility: Sensitivity to Time of Day
Comparing the performance across time periods characterizes the flexibility of the plan, or its ability to tolerate variations in traffic patterns throughout the day and provide similar performance for both northbound and southbound vehicles. The Saturday signal timing plan covers a 16-hour TOD interval. Often, offsets are designed to treat a certain direction preferentially by time of day. In this study, no weighting was given to any particular movement.
It is desirable to determine whether this scheme caused either movement to suffer during particular times of day. corresponding to these graphs are also presented in Table 1 .
During most times of day, the median travel times were reduced by the optimized offsets, representing a net improvement in arterial ravel time. For example, from 1500-1800, northbound travel times improved from 1.2-1.6 minutes and southbound travel times improved by 0.6-1. 
User Benefit Estimation
The following equations were applied to establish a method for comparing the optimized arterial travel time (TT) to a base travel time:
where TT Base(section) was the arterial travel time measured in minutes for a specified section ( Figure 5 , System 1 or System 2) and direction (northbound, southbound) running baseline offsets and TT Objective(section) was is the travel time for each section, after optimal offsets were implemented. The cost estimation methodology presented here is based on the 2009
Transportation Urban Mobility Report (33 where USER t is the user cost for a commercial vehicle, Vol is the volume (number of vehicles) measured for the study period, %T is the percentage of commercial trucks (2% for Saturday), and where USER c is the user cost for a passenger vehicle, %C is the assumed percentage of passenger vehicles (98% for Saturday), PPV c is assumed to be 1.2, and a lower time value of money at $15.47 per hour (33) Here, CC represents the -CO 2 cost.‖ According to the EPA, the amount of CO 2 emitted when a gallon of gasoline burns is approximately 19.4 lbs/gallon (36) . The monetary equivalent of the CO 2 is assumed to be approximately $22/ton of CO 2 produced (37).
The results shown in Table 2 for all four objectives were quite similar. For an individual coordinated approach, the optimal offsets were found to coincide within a 14 second range inside of a 114 second cycle length ( Figure 3) . When scaled to an eight-intersection corridor, the overall outcomes in terms of the travel time and travel time reliability were also rather similar ( Table 1 ). The outcomes of the delay-based optimization objectives were generally close to the outcomes of green arrival maximization, as shown in Table 2 and in several performance measure graphics ( Figure 7 , Figure 8 ). These results demonstrate that green arrival maximization can be used to effectively optimize offsets with a similar level of benefit as derived from delay minimization.
This paper demonstrated the use of anonymous probe vehicle travel time data in describing changes in travel time as well as the reliability of travel time, and additionally showed how that data can be translated into user cost savings and environmental benefits. In this case study, a lower bound on the estimated benefits was calculated at approximately $470,000. Measured travel time results are a compelling tool to communicate the value of investments in traffic signal systems to the public and to elected decision makers. This information is essential to obtain and communicate, particularly for improvements in operations such as signal retiming that have relatively low visibility compared to construction, but can nevertheless have substantial environmental and economic impacts. 
